This paper examines the effects of shear stress on the structural parameters that define the 'crystallinity' of graphite. The results show that highly crystalline graphite samples ground for up to 120 min do not undergo detectable changes in the three-dimensional arrangement of carbon layers but crystallite sizes (L c and L a ) decrease consistently with increasing grinding time. Grinding also involves particle-size diminution that results in lower temperatures for the beginning of combustion and exothermic maxima in the differential thermal analysis curves. These changes in the structural and thermal characteristics of graphite upon grinding must be taken into account when such data are used for geothermometric estimations.
Introduction
THE interpretation of the origin of graphite deposits is based on detailed mineralogical (mainly structural and thermal) and geochemical (mainly stable carbon isotope ratios) data. Studies dealing with the structural characterization of graphite are focused on the degree of continuity of the layers of carbon atoms in the structure. The degree of crystalline perfection up to the point of obtaining the ideal graphite structure is usually defined as 'crystallinity'. Graphite 'crystallinity' can be described both along the stacking direction (c axis) of the carbon layers and along the a-b plane. In the first case, highly crystalline graphite has shorter spacing between adjacent layers of carbon atoms (the d 002 spacing from which the c parameter is calculated). In addition, the continuity of the carbon layers along the stacking direction (the L c crystallite size) is larger than for poorly crystalline graphite. In the second case, 'crystallinity' refers to the continuity of carbon layers along the in-plane directions (defined by the L a crystallite size). In natural environments, 'crystallinity' has been proved to increase (smaller d 002 , larger L c and L a ) with increasing metamorphic grade (Landis, 1971; Grew, 1974; Diessel et al., 1978; Kwiecinska, 1980; Buseck and Bo-Jun, 1985; Pasteris and Wopenka, 1991; Wopenka and Pasteris, 1993; Wada et al., 1994; Yui et al., 1996; Nishimura et al., 2000; Beyssac et al., 2002b Beyssac et al., , 2004 . In particular, at low-grade metamorphic conditions it has been shown that shear stress enhances the 'crystallinity' of graphitized carbonaceous matter compared with equivalent materials under hydrostatic pressures (Barrenechea et al., 1992; Suchy et al., 1997; Barzoi and Guy, 2002) . Experimental studies on the effects of shearing on the graphitization of carbonaceous materials point to similar conclusions (Ross and Bustin, 1990; Bustin et al., 1995a,b; Beyssac et al., 2003a) .
There are, however, few data about how shear stress affects the structural characteristics of the mineral once fully crystalline graphite is formed. It must be noted that graphite has a layered structure and that changes in structural and thermal characteristics of other minerals with layered structures, mainly phyllosilicates, upon both experimental and tectonic shearing have been reported (Pérez-Rodríguez et al., 1988; Fernández-Caliani and Galán, 1992; Sánchez-Soto et al., 2000; Stepkowska et al., 2001; Á rkai et al., 2002; Abad et al., 2003) . Previous experimental studies have shown that polishing or grinding for long periods of time may cause changes in some structural properties of graphite when monitored by Raman spectroscopy or X-ray diffraction (XRD) techniques (Nakamizo et al., 1978; Pasteris, 1989; Salver-Disma et al., 1999a,b; Wakayama et al., 1999; Ong and Yang, 2000) . However, no comparisons between experimental data and structural changes in natural environments have been reported.
The aim of this paper is two-fold: firstly, it is intended to report the structural changes in graphite after grinding for periods usually employed in the preparation of geological samples; secondly, these results will be compared with structural data of crystalline graphite that subsequently underwent tectonic shearing as the main geological mechanism responsible for its accumulation. Both issues are important because the temperature dependence of the degree of structural ordering of graphite has been used as a geothermometer. Thus, graphite geothermometry requires that experimental and geological factors influencing changes in the graphite structure are constrained in order to obtain reliable structural data.
Materials and methods
This experimental study on the changes of the structural characteristics of graphite upon grinding was carried out on a hand specimen from the Bogala deposit in Sri Lanka. This material is usually considered as a standard for highly crystalline graphite (Pasteris and Wopenka, 1991; Wopenka and Pasteris, 1993; Luque et al., 1998) . Graphite deposits from Sri Lanka were formed at granulite-facies conditions and temperatures of 750À800ºC (Katz, 1987; Dissanayake, 1994) .
Small, optically homogeneous, portions (0.3À0.5 g) of the sample were crushed and ground in two different experimental devices. The first one was an agate mortar (Reitsch RMO) in which the shear stress is applied normal to the surface of the mineral grains. The second one was an X-wing mill (Culatti MFC CZ13), in which the stress is applied parallel to the surface of the grain. This mill is specially designed for platy minerals and favours delamination without mechanical disruption of the continuity of the layered structure. In both cases, graphite samples were ground for 1, 3, 5, 10, 30, 60 and 120 min. Five samples for each grinding period were prepared in order to check the precision of the results. The ground samples were then sieved through a 53 mm mesh.
The effect of tectonic shearing on graphite was studied on samples from a vein-shaped occurrence that is found along the contact between a hydrothermal quartz vein and a graphite-bearing quartzite layer. The geological, mineralogical and isotopic evidence support its formation by physical remobilization of graphite from the quartzite (Crespo et al., 2005 ) that appears to have operated along distances of up to several metres and formed monominerallic graphite aggregates. Thus, for graphite in the vein, the greater the distance to the quartzite the greater the tectonic shear stress. Samples were collected from the graphite-bearing quartzite and from the veinshaped graphite concentration at different distances from the contact with the quartzite (Table 1 ). These samples were ground for 1 min in the agate mortar.
The structural study of graphite was performed by powder XRD, Raman spectroscopy and highresolution transmission electron microscopy (HRTEM). The XRD patterns were obtained in a Siemens Kristalloflex 810 diffractometer, using Cu-Ka radiation at 40 kV and 30 mA, a step size of 0.03º2y, and time per step of 1 s. Each sample was run at least twice using silicon as the internal standard. Measurements on the XRD patterns were done using the Diffract AT software. The Raman spectroscopy study was carried out with a DILOR XY Raman Spectrometer attached to an Olympus metallographic microscope. The excitation was done using an Ar + laser beam focused through the microscope objective. The measurements were done under the usual experimental conditions (l = 514.5 nm, 1006 objective, nA = 0.95), with a nominal spatial resolution of~1 mm and a spectral resolution of~1 cm À1 . The firstorder Raman spectra were recorded from 900 to 1800 cm À1 . The second order spectra were recorded from 2400 to 3100 cm À1 . The position, height, width (FWHM), and area of the disorder peak (D, at~1360 cm
À1
) and order peak (O, at 1582 cm À1 ) in the first-order Raman spectra were measured. The software used was Labspec v. 2.08. Five runs of each sample were recorded to check the precision of the data.
The HRTEM images were obtained at the 'Centro de Microscopía Luis Bru' of the Universidad Complutense with a JEOL JEM-4000 EX electron microscope operated at 400 kV. Samples were dispersed in acetone and then deposited onto TEM grids previously coated with a holey-carbon film.
A complementary thermal study was carried out because the temperature of combustion of carbon in graphite is related to its temperature of formation and it is therefore linked to graphite 'crystallinity' (Kwiecinska, 1980; Cebulak et al., 1999a,b) . Differential thermal analysis (DTA) curves were recorded by heating the sample at 10ºC/min in the range 20 to 1000ºC with a continuous air supply of 50 ml/min in a Seiko TG/DTA 320U apparatus. Alumina was used as the reference material.
Results

Powder XRD
All of the XRD patterns of ground graphite correspond to highly crystalline hexagonal graphite. No peaks of rhombohedral graphite were recorded. Increasing grinding time affects the values of the structural parameters determined from the XRD patterns in different ways ( Table 2 ). The measured d 002 spacing shows no significant variation with increasing grinding time, whatever the grinding device. However, the measured full-width at medium height of the 002 peak (FWHM 002 ) is more sensitive to the type and duration of grinding. The FWHM 002 values clearly increase for grinding times of >60 min in the agate mortar and involve a reduction of 50À110 Å in the calculated crystallite size along the c axis (L c ) compared with the samples ground for 1 to 30 min. Samples ground in the X-wing mill show no significant changes in the FWHM 002 , and L c values plot in a tight cluster in the range between 400 and 450 Å (Fig. 1) . Wada et al. (1994) : L c = Kl/FWHM 002 cosy, where K = 0.9, l = radiation wavelength, FWHM 002 = full-width at half-height of the 002 peak (in radians), and y = diffraction angle at peak maximum. L a crystallite size calculated after the graph of Wopenka and Pasteris (1993 Similar relations can be observed in the tectonically sheared samples. Structural data of graphite from the quartzite correspond to well crystalline hexagonal graphite (Table 2) . However, graphite in the vein-shaped occurrence shows decreasing 'crystallinity' with increasing distance from the quartzite. The variation in the 002 spacing is slight but the FWHM 002 increases consistently with increasing distance from the contact. Conversely, the L c values decrease in those samples collected at greater distances from the contact with the graphite-bearing quartzite. TABLE 2. Structural data (XRD and Raman) of the graphite samples ground experimentally. Numbers in parentheses correspond to the standard deviation. L c crystallite size calculated after Wada et al. (1994) . L a crystallite size calculated after Wopenka and Pasteris (1993) . These spectra only display sharp and narrow S 2 peaks with a shoulder at~2690 cm À1 . The features of the second-order Raman spectra are therefore typical of highly crystalline graphite (Lespade et al., 1982; Pasteris and Wopenka, 1991; Wopenka and Pasteris, 1993) .
Some interesting variations are recorded in the Raman spectra of graphite from the natural occurrence in which solid-state remobilization operated. First-order Raman spectra of graphite from the quartzite do not display the D peak (Fig. 2) , thus indicating its high 'crystallinity' along the basal plane. Graphite in the vein-shaped occurrence shows progressively better defined D peaks with increasing distance from the contact with the quartzite layer (Fig. 2) . The intensity and area ratios of the D to O peaks also increase with increasing distance from the contact ( Table 1) . The continuity of the layers along the basal plane (L a ) therefore experiences a significant decrease from >2000 Å to some 500 Å . The second-order Raman spectra do not record any significant change in the graphite samples from the veinshaped occurrence with respect to those from the quartzite. The features of the second-order Raman spectra include well defined S 2 peaks and a shoulder at~2685 cm À1 that correspond to highly crystalline graphite (Fig. 2) . The disorder band (S 3 ) at~2950 cm À1 was not recorded in the second-order Raman spectra.
HRTEM
The study by HRTEM was performed on three samples of experimentally ground graphite selected after XRD and Raman data. Samples selected for this study were those in which major changes in the 'crystallinity' with increasing grinding times were observed: 30 min in the agate mortar, 120 min in the agate mortar and 120 min in the X-wing mill.
After grinding for 30 min in the agate mortar, lattice-fringe images show that the layers of carbon atoms are still parallel, but the surface of the particles became corrugated (Fig. 3a) . After 120 min, graphite particles show a large number of carbon layers stacked coherently, but corrugation of the layers is evident at the edge of the particles (Fig. 3b) . These corrugated layers evolve to small tangle-like domains (Fig. 3c) . The continuity of the layers along the stacking direction in these domains is significantly less (<10 nm).
The effect of grinding in the X-wing mill on the microtexture of the graphite particles is less   FIG. 2 . First-and second-order Raman spectra of graphite samples from (a) graphite-bearing quartzite, and (b) vein-shaped occurrence (sample H-13). Note the development of the disorder peak (D 1 ) in the first-order Raman spectrum of the graphite sample from the vein as the result of tectonic shearing.
pronounced. After 120 min, the graphite particles are separated into thinner flakes as a result of delamination. The continuity of the carbon layers along the basal plane in these flakes is preserved (Fig. 3d) . In some cases, the layers can be folded but in contrast with the tangle-like domains observed in the sample ground in the agate mortar there is no evidence of disruption in the surface of the particles.
DTA
The DTA curves of the experimentally ground graphite samples show a well defined exothermic peak at temperatures close to 800ºC for grinding times in the range of 1 to 10 min. There are no significant differences in this range for the DTA curves of graphite ground in either experimental device (Table 2 ). For grinding times >10 min in the agate mortar, the temperature of the exothermic maximum (T max ) shows a decrease of up to 50ºC for the samples ground for 60 and 120 min (Fig. 4a) . In addition, the temperature at which combustion of these samples commences (T ini ) also decreases by up to 100ºC (for the sample ground for 120 min). Samples ground in the X-wing mill for >10 min also show the same trend but the decrease in temperature is smaller (up to 30ºC for the sample ground for 120 min). influence of the particle size on the DTA curve of graphite. As shown in Fig. 4b , T ini and T max decrease in the <20 mm fraction compared with the <53 mm fraction. In turn, both temperatures increase (by up to 20ºC) for the smallest size fraction (<5 mm). The DTA curve of graphite from the quartzite is consistent with its high crystallinity. The temperature at which combustion commences is 610ºC and the exothermic peak maximum is at 770ºC. However, in the vein-shaped occurrence, dusty graphite from the sample located at the greatest distance from the contact with the quartzite has the smallest exothermic peak maximum (673ºC). In addition, the temperature at which combustion commences (T ini = 540ºC) is also the smallest recorded for the set of samples collected from the vein-shaped occurrence.
Discussion
The results obtained from this study clearly point to the influence of shear stress on the structural and thermal properties of graphite. The overall experimental data indicate that increasing shear stress (longer grinding times) involves a reduction in the 'crystallinity', both along the stacking direction of the carbon layers and along the basal plane in the graphite structure (Table 2) . Structural and thermal data for graphite from the vein-shaped occurrence in which physical remobilization in the solid state by tectonic shear stress operated as the main mechanism for graphite accumulation also show a similar trend (Table 1) .
The results of this study are in accordance with previous data obtained after prolonged grinding on laboratory-prepared graphite (Salver-Disma et al., 1999a,b) . In contrast to these previous studies, we present here experimental data for grinding times usually employed for geological samples. The results also indicate that the type of mechanical milling affects with different intensity the changes in graphite 'crystallinity'. These considerations must be borne in mind during the preparation of graphite-bearing rock samples since some structural parameters of graphite have been used as potential geothermometers (Shengelia et al., 1979; Rietmeijer and Mackinnon, 1985; Luque et al., 1993; Wada et al., 1994; Malisa, 1998; Beyssac et al., 2002a; Rahl et al., 2005) .
Overall, the structural data of experimentally ground samples show that shear stress applied normal to the surface of the graphite grains (agate mortar) induces greater changes in 'crystallinity' than samples delaminated using shear stress parallel to the surface of the particles (X-wing mill). For the shorter grinding periods tested (<30 min) there is no significant change in the XRD patterns of graphite irrespective of the grinding device, suggesting that the graphite structure remains unaffected. Samples ground for >30 min in the agate mortar display a noticeable decrease in the L c values which correlates with the most important changes in the intensity and area ratios of the O and D peaks recorded in the firstorder Raman spectra (Table 2 ). This trend has been proved to continue for longer grinding periods (from 4 to 200 h) in natural graphite (Nakamizo et al., 1978) , although such long grinding times are not realistic for any graphitebearing rock. As revealed by the HRTEM images, for the grinding times used in our study, the formation of small tangle-like domains (with limited continuity of the layers of carbon atoms both along the stacking direction and the a-b plane) occurs. However, these microtextural changes do not affect the three-fold arrangement of carbon atoms in the structure because the S 1 band (with peak splitting at 2690 and 2735 cm À1 ) is still well defined in the second-order Raman spectra (Lespade et al., 1982) . Thus, the increase in the FWHM 002 in the XRD patterns and the increase in the I D /I O and A D /(A D +A O ) ratios in the Raman spectra reflect the mechanical disruption of the original graphite particles that leads to smaller grain and crystallite sizes (Klug and Alexander, 1974; Lespade et al., 1982; Salver-Disma et al., 1999b) . The formation of graphite particles with smaller grain and crystallite sizes under shear stresses is due to the weak interlayer bonding in the graphite structure. Salver-Disma et al. (1999b) reported that prolonged grinding (>20 h) breaks the in-plane covalent bonds of carbon atoms in the graphite structure resulting in larger d 002 spacings. In addition, Nakamizo et al. (1978) showed that the rhombohedral polytype of graphite can be formed after grinding natural hexagonal graphite for >30 h.
Therefore, using experimental periods commonly employed in the preparation of geological samples (<10 min), the graphite structure is not significantly disturbed and the greatest variation in the d 002 value results in a difference of <50ºC in the geothermometric estimation graph of Shengelia et al. (1979) that relates the c parameter of graphite with the temperature of formation. On the other hand, for a grinding period of 120 min in the agate mortar, there is an important change in the A D /(A D +A O ) ratio and hence in the temperature of formation estimated according to the geothermometer of Beyssac et al. (2002a) . Unfortunately, this geothermometer is defined for temperatures up tõ 650ºC. If we consider that the graphite from Sri Lanka used in this experimental study was formed under granulite-facies conditions at temperatures close to 750À800ºC (e.g. Katz, 1987) , then the largest A D /(A D +A O ) ratios (~0.11) would lead to an underestimation of the temperature of graphite formation of~150À200ºC. These results reveal a loss of 'crystallinity' at the Raman scale upon grinding and are in agreement with those previously reported by Pasteris (1989) and Beyssac et al. (2003b) on the effects of polishing for the in situ study of graphite-bearing rock samples in thin section.
Concerning the thermal study, T ini and T max show a noticeable decrease in grinding times >10 min in the agate mortar. Previous experimental work on both synthetic and natural graphite indicates that the surface area increases with increasing grinding time (Nakamizo et al., 1978; Salver-Disma et al., 1999a,b; Wakayama et al., 1999) . This increase in the surface area of the ground samples is responsible for the ease with which oxygen in air is chemisorbed onto graphite (Nakamizo et al., 1978) . Thus, the reduction of grain size upon grinding causes the observed decrease in both T ini and T max in the DTA curves since these analyses were performed with a continuous air supply to the sample. Such an interpretation is supported by the results of the complementary study on the relationship between the grain size of the graphite particles and the characteristics of the DTA curves (Fig. 4b) . Very small particle sizes (<5 mm in this study), however, drive T ini and T max in the opposite direction. Residual electrostatic forces among graphite particles may cause them to agglomerate, leading to larger effective grain sizes. Therefore, T ini and T max are displaced to slightly higher values. The aggregation of graphite particles can be correlated with the decrease in the surface area after intensive grinding of synthetic graphite reported by Salver-Disma et al. (1999a,b) and Wakayama et al. (1999) .
Tectonic shearing on highly crystalline graphite operates in the same way as experimental grinding does. Graphite in the quartzite occurs as disseminated flakes with sizes of~100 mm. The vein-shaped occurrence consists of an accumulation of smaller graphite crystals (25À60 mm). The solid-state remobilization of graphite from the quartzite caused the mechanical disruption of graphite that led to the reduction in particle size of graphite crystals within the vein (Crespo et al., 2005) . For this, the greater the distance to the quartzite the greater the tectonic shear stress. Thus, longer distances to the contact with the quartzite resulted in an enhanced reduction of the grain size of the graphite crystals (Table 1) observed at the optical microscope. In a similar way, the crystallite sizes (L c and L a ) of graphite disseminated within the quartzite are consistently larger than in the vein. In turn, samples located at progressively longer distances from the quartzite also have smaller crystallite sizes. In addition, d 002 values are slightly lower in the graphite disseminated in the quartzite (d 002 = 3.354 Å ) than in the samples from the vein-shaped occurrence (d 002 = 3.356À3.358 Å ). The temperature obtained from the c parameter of graphite in the quartzite using the geothermometric estimation of Shengelia et al. (1979) is 710Ô10ºC. This temperature is consistent with the sillimanite facies of the host rocks (Crespo et al., 2005) . However, the c parameter of graphite in the vein corresponds to lower temperatures (600À675ºC). The A D /(A D +A O ) ratio in the Raman spectra also has a maximum value (0.14) for the sample located at the longest distance from the contact (H-10). This provides a temperature close to 600ºC using the geothermometer of Beyssac et al. (2002a) , a value that is in good agreement with that obtained from the c parameter, but yields a difference of~110ºC with the estimated temperature for graphite in the quartzite. The DTA results also show the effect of greater tectonic shearing on the graphite samples from the vein-shaped occurrence far away from the contact with the quartzite. Again, the sample H-10 which has the smallest grain size has the minimum values of T ini and T max .
In summary, the results of the structural study reveal that tectonic shearing does not influence changes in the three-dimensional order of graphite (the d 002 values and the features of the secondorder Raman spectra remain apparently unaffected). However, the parameters that reflect the continuity of carbon layers in the structure of graphite (L c and L a ) indicate a loss of 'crystallinity' with increasing tectonic shear stress. These changes have a noticeable effect on the temperature of formation estimated according to the different graphite geothermometers.
Conclusions
The results of this study allow us to establish the following:
(1) Mechanical grinding for the preparation of graphite samples affects the particle size of graphite grains but causes little disruption of the structure.
(2) Experimental grinding in which shear stress is applied normal to the basal plane of graphite grains (agate mortar) has a greater effect than milling by shearing parallel to those planes (X-wing mill). The use of the X-wing mill is recommended for any study based on the structural characteristics of graphite.
(3) The disruption of the continuity of the carbon layers in the graphite structure results in smaller crystallite sizes (L c and L a ). The disorder band in the first-order Raman spectra grows progressively with increasing grinding times, especially for the agate mortar. Thus, geothermometric estimations based on the order-to disorderband area ratio are affected by prolonged grinding (>30 min).
(4) Grain-size reduction during grinding results in lower temperatures for the commencement of combustion and maximum exothermic peak in the DTA curves. Therefore, previous studies by optical microscopy are needed to determine the original size of the graphite particles. Grinding below that size should be avoided.
(5) Tectonic shearing causes variations both in grain size and in the continuity of carbon layers in the structure of graphite. As observed in the veinshaped graphite occurrence, the reduction of grain size can be correlated with the decrease of some 'crystallinity' markers (mainly L c and L a ). This yields an underestimation of the temperature of formation by using graphite geothermometers based on XRD or Raman spectroscopy data or on the position of the exothermic maximum in the DTA curve.
(6) The effects of experimental grinding or tectonic shearing must be considered in studies of fluid-deposited graphite veins, where graphite is commonly the only mineral found. The preservation of delicate textures such as spherulites, rosettes or aggregates of bladed graphite crystals in such deposits (Luque et al., 1998) may allow us to rule out the effect of tectonic shearing, otherwise the temperature estimated using any graphite geothermometer must be considered as a minimum temperature.
